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We present high-frequency high-field electron paramagnetic resonance (EPR) measurements 
on the [Mni20i2(02CCH2Br)i6(H20)4] dodecanuclear manganese complex (Mni2-BrAc). The 
crystal-field parameters are found to be identical to those of the original compound Mni2-acetate 
([Mni20i2(02CCH3)i6(H20)4]). A detailed analysis of the frequency and temperature dependence 
of anomalous peaks observed in the EPR spectra of Mni2-BrAc enables us to locate the 5* = 9 
manifold at about 40 K above the Ms = ±10 ground state of this nominally 5* = 10 system. This is 
very close to the Ms — ±6 state of the 5* = 10 manifold, thus suggesting pathways for the thermally 
assisted magnetization dynamics and related properties. Finally, the EPR fine structures recently 
attributed to disorder associated with the acetic acid of crystallization in Mni2-Ac are absent in 
the present measurements, thus suggesting that the Mni2-BrAc complex represents a more suitable 
candidate for measurements of quantum effects in high symmetry 5* = 10 SMMs. 



In 1996, it was reported that Mni2-Ac exhibits res- 
onant magnetic quantum tunneling (MQT), as evi- 
denced by steps that occur at regular intervals in 
the low-temperature hysteresis loops of the com- 
plex 0, 0. Since then, considerable interest has 
been devoted towards the understanding of the quan- 
tum behavior of single molecule magnets (SMMs), 
in particular Mni2-Ac (shorthand for Mni2-acetate 
[Mni20i2(02CCH3)i6(H20)4]-2CH3C02H-4H20). One 
of the most intriguing open questions concerns whether 
or not one can ignore couplings to 5* ^ 10 states 
in any theoretical treatment of the low-temperature 
quantum properties of Mni2-Ac (including MQT). For 
example, recently the low-temperature 5 = 9 ex- 
cited state was found in FegBrg, another SMM with 
a 5 = 10 ground state llj. In this paper we pro- 
vide clear experimental evidence for a 5 = 9 ex- 
cited state of the nominally 6* = 10 single-molecule 
magnet Mni2-BrAc (shorthand for Mni2-&romoacetate 
[Mni20i2(02CCH2Br)i6(H20)4]-4CH2Cl2), a closely re- 
lated complex to Mni2-Ac. 

Like Mnj2-Ac, which remains the most widely stud- 
ied SMM 0^1^, Mni2-BrAc crystallizes in a tetragonal 
space group with individual molecules possessing site 
symmetry. Selection rules for quantum tunneling of the 
magnetization imposed by the crystallographic sym- 
metry are not strictly obeyed by Mni2-BrAc or Mni2- 
Ac, however 6j. A number of explanations have been 
proposed to account for this anomalous behavior, includ- 
ing crystal dislocations 7] and, more recently, disordered 
solvent molecules of crystallization that give rise to sym- 
metry breaking effects 0, 0, 0, . Cornia et al. have 
proposed that the fourfold (S'4) molecular symmetry is 
disrupted by a strong hydrogen-bonding interaction be- 
tween an acetate ligand of the Mni2 cluster and a disor- 
dered acetic acid molecule of crystallization [l^. Using 
their model, up to six isomers can exist in the lattice. 



each of which differs in the number and arrangement of 
hydrogen-bonding interactions. Of the six isomers, only 
two have crystallographically four- fold (5*4) symmetry. 
The remaining four isomers have lower symmetry and can 
explain many experimental factors associated with the 
low temperature hysteresis loops of the complex, includ- 
ing odd-to-even M^ MQT steps. It is therefore of impor- 
tance to study the magnetic behavior of a high symmetry 
Mni2 cluster that consist of only one species with strict 
axial symmetry. The only other known complex to date 
that meets these specifications is Mni2-BrAc. The core 
of the molecule is the same as that of Mni2-Ac and the 
molecule also possesses a spin 5 = 10 ground state. The 
complex is therefore an ideal candidate for study, as there 
are four relatively inert CH2CI2 (dichloromethane) sol- 
vent molecules per Mni2-BrAc molecule. This is in con- 
trast to the strongly hydrogen-bonding nature of the wa- 
ter and acetic acid molecules of crystallization in the case 
of Mni2-Ac. However, like all other known Mni2-based 
SMMs, all tunneling resonances are observed, including 
odd-to-even M^ MQT steps llj. Recently, del Barco et 
al. proposed that a distribution of internal transverse 
magnetic fields in Mni2-BrAc is responsible for a lack of 
any selection rules in the MQT phenomena 11]. 

The Mni2-BrAc molecule consists of four Mn^+ ions, 
each with spin S = |, surrounded by eight Mn'^^ 
ions with spin S = 2 0, The orbital moment 

is quenched, and a Jahn- Teller distortion associated 
with the Mn^+ ions is largely responsible for the mag- 
netic anisotropy. A simplified treatment of the mag- 
netic interactions within the molecule has been devel- 
oped 12, wherein four strongly antifer- 
romagnetically coupled Mn^+— Mn^+ dimers, each with 
spin 5* = 2 — I = ^ , couple via an effective ferromagnetic 
interaction to the four remaining S = 2 Mn^+ ions, giv- 
ing a total spin S = 10. The magnetic energy levels of 
the rigid 5 = 10 spin system are then usually described 
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by the effective single-spin Hamiltonian 0, • 

H = DSl^^BB-'g-S + H', (1) 
where D (< 0) is the uniaxial anisotropy constant, the 
second term represents the Zeeman interaction with an 
applied field B is the Lande g tensor), and H' in- 
cludes higher order terms in the crystal field (O4, O2, 
O4, O4, etc.), as well as environmental couplings such as 
intermolecular dipolar and exchange interactions [l^ E(|. 
The leading term in Eq. 1 is responsible for the energy 
barrier to magnetization reversal and the resulting mag- 
netic bi-stability 0, I^. The weaker couplings between 
the four spin— ^ dimers and the four spin— 2 Mn^+ ions 
largely determine the low energy excitations within the 
molecule (to 5 7^ 10 states) [l^lli j. However, the nature 
of these couplings is not well known. 

The inadequacy of the 5* = 10 model was perhaps 
first raised by Caneschi et al. in order to interpret the 
temperature dependent susceptibility of Mni2-Ac |^. 
Their calculation proposed the existence of two degen- 
erate 5 = 9 states at 0.725 THz (- 35 K), one 5 = 8 
state at 1.195 THz (- 57 K), and other 6' < 8 and 
5* > 10 states at higher energies. Not all of these states, 
however, were clearly observed in the inelastic neutron 
scattering study of Mni2-Ac, where a well-pronounced 
mode was found around 1.2 THz, while the mode at 
0.725 THz was hardly visible and the authors attributed 
this fact to a very small intensity at the corresponding 
scattering vector 22j . Magnetization measurements have 
shown the existence of 5* < 9 excited levels at energies 
between 30 and 90 K [2^. Furthermore, measurements 
of the Mni2-Ac transmission spectra in the submillimeter 
range indicate the existence of some weak band around 
30-35 cm~^ (~ 43-50 K) at high temperatures, whose fre- 
quencies do not match the transitions within the ground 
5' = 10 multiplet jlj. Finally, by means of and ^^C 
NMR investigations l25L E^ and ^^Mn spin-lattice relax- 
ation measurements [13 it has also been clearly estab- 
lished that the unpaired electron density is distributed 
over the entire Mni2-Ac framework. These challeng- 
ing experimental findings stimulated subsequent calcu- 
lations, which placed the 5* = 9 manifold at 35 K or 
higher 0, 0, 12^ . All of these observations provided 
the impetus for the present undertaking — a detailed in- 
vestigation of the spin-energy levels of a Mni2 cluster 
by variable frequency, variable temperature EPR spec- 
troscopy. We provide definitive evidence for the existence 
of a state at 40±2 K, with all of the properties of an 5* = 9 
manifold. The results help the understanding of many of 
the above-mentioned features and are in good agreement 
with more recent high precision electronic structure cal- 
culations [23 • 

Multi-high- frequency (51.5, 65.4, and 76.9 GHz) sin- 
gle crystal EPR measurements were carried out using a 
millimeter-wave vector network analyzer (MVNA) and 
a high sensitivity cavity perturbation technique; this 
instrumentation is described in detail elsewhere l28l. 



The measurements were performed using commercial su- 
perconducting solenoid capable of producing fields up 
to 9 T. In all cases, the temperature was stabilized 
(±0.01 K) relative to a calibrated Cernox^^ resistance 
sensor. We have elaborated our cavities with rot at able 
endplates for sample orientation with 0.18° accuracy |29j . 
Submillimeter-sized single Mni2-BrAc crystals were pre- 
pared from Mni20i2(02CMe)i6(H20)4 (Mni2-Acetate) 
by a ligand substitution procedure involving the treat- 
ment of Mni2-Ac with an excess of BrCH2C02H in two 
cycles. Repeated treatment is necessary as the ligand 
substitution reaction is an equilibrium process that must 
be driven to completion if the pure product is to be ob- 
tained lis 1^ • The initial complex Mni2-Ac was 
synthesized using standard methods 33] . In order to con- 
firm the solvent content of 4-CH2C12 per formula unit, an 
X-ray structural refinement analysis was carried out on 
a wet single-crystals removed directly from the mother 
liquor. In order to avoid solvent loss in the EPR mea- 
surements, the sample was removed from the mother 
liquor, immediately sealed in silicone grease, and quickly 
transferred to the cryostat (ca. 5 minutes) where it was 
cooled under atmospheric pressure helium gas. Similar 
sample handling procedures have been carried out for 
Mni2 samples containing considerably more volatile sol- 
vent molecules, and these have shown minimal solvent 
loss, as verified by before and after AC SQUID measure- 
ments 

In order to align the sample's hard plane (x, y) with 
respect the applied DC magnetic field, angle dependent 
measurements of the EPR spectra were performed, as 
shown in Fig. 1(a). In general, the hard-plane spectra of 
Mni2-BrAc look very similar to those of Mni2-Ac 
In the high-frequency limit (^/i^B > l^^l^*), one expects 
a total of 20 EPR transitions within the 2S' + 1 (5 = 10) 
multiplet, as shown in the Fig. 1(b) by solid curves. The 
a-resonances, which correspond to transitions within the 
Zeeman-split M^ = ±m (m = integer, and < m < 5*) 
zero-field levels, comprise half of this total; in the zero- 
field limit, the quantization axis is defined by the uniax- 
ial crystal field tensor, and is along z. In the high-field 
limit, the quantization axis points along the applied field 
vector; the 10 a-resonances then correspond to transi- 
tions from M^ = even-to-odd m, e.g. Ms = —10 to 
—9. Because the a-resonances originate from pairs of lev- 
els (±m) which are (approximately) degenerate in zero 
field, one expects the resonance frequencies, when plot- 
ted against field, to tend to zero as the field tends to zero, 
as can be seen in the Fig. 1(c). The simulation depicted 
in the Fig. 1(c) has been performed by exact diagonal- 
ization of Eg. 1, and this procedure is described in detail 
elsewhere [23, • In order to fit our experimental data 
(open circles), we have used crystal field (CF) parame- 
ters obtained from our earlier studies of Mni2-BrAc with 
the field along the easy axis [23 • B> = —0.456 cm~^, 
= —2.0 X 10~^ cm~^. These Hamiltonian parameters 
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are very close to the accepted CF parameters for Mnio-Ac 
{D = -0.454 cm-\ = -2.0 x 10"^ cm-^) SEllli, 
thus emphasizing the close similarity of physical proper- 
ties of these two derivatives of the Mni20i2 molecule. 

In earlier investigations of Mni2-Ac [s^, it was 
pointed out that EPR spectra obtained for a field applied 
perpendicular to the easy axis of the molecule revealed 
a number of anomalous transitions which were labeled 
f3 j^] , as opposed to the a-resonances which nicely fit the 
accepted 6* = 10 Hamiltonian (Eq. 1). Initially, these P- 
transitions were tentatively ascribed to the Mc =odd-to- 
even transitions (e.g. e.g. Ms = —9 to —8) j^; however 
we note here that they should not be observable below 
a cut-off frequency, which is about 95 GHz at high fields 
for the given CF parameters, as depicted in Fig. 1(c). In 
full agreement with these calculations we do not observe 
these /3-resonances until we slightly misalign the sam- 
ple's hard plane with respect to the applied magnetic field 
(Fig. 1(a)). Indeed, at ±3.6° away from the hard plane, 
the /^-resonances become highly pronounced. Meanwhile, 
the alO, aS and a6 resonances disappear over this same 
angle range, as shown in Fig. 1(a). In fact, there is an 
approximately 0.75° range over which neither alO or (39 
are observed and, although a4 and a2 peaks remain visi- 
ble at 6> = ±3.6°, it is clear that their intensities diminish 
substantially. This symmetry effect between the out-of- 
plane angle dependence of the P and a resonances was 
recently reported for Mni2-Ac, and is discussed in more 
detail in Ref. 9]. For comparison. Fig. 1(b) shows sim- 
ulations of the EPR spectra for the same angle range, 
generated using the program SIM [22|. These simula- 
tions agree more-or-less perfectly with our observations, 
i.e. the a peaks disappear, and P9 appears, as the field is 
tilted away from the hard plane. Indeed, the simulations 
predict quite accurately the angles at which the a peaks 
switch off, and (39 switches on. This contrasts the behav- 
ior seen in Mni2-Ac, where a significant overlap of the a 
and P peaks has been attributed to a distribution of tilts 
of the easy axes of the molecules (up to ±1.7°), induced 
by a discrete disorder associated with the two acetic acids 
of crystallization. Although a small distribution of tilts 
can be inferred from the present data, due to the absence 
of some of the features in the simulations which disperse 
strongly with angle, the width of the distribution must be 
small (of order the angle step in these measurements, i.e. 
0.2°). This indicates that the distributions of transverse 
fields recently reported by del Barco et al.^ must have 
an explanation unrelated to easy axis tilting. It is also 
apparent from the data in Fig. 1(a) that, for the most 
part, the resonances are extremely symmetric and much 
sharper than those observed for Mni2-Ac (see Ref. 0). 
In particular, none of the fine structures seen in the hard 
axis spectra of Mni2-Ac are seen for the present complex, 
e.g. the pronounced high-field shoulders on the a reso- 
nances. Consequently, we can conclude that the discrete 
solvent disorder that is now well established in Mni2- 



Ac 0, H, H, is absent in Mni2-BrAc. This observa- 
tion is consistent with the full compliment of four solvent 
molecules per formula unit, and suggests that the Br Ac 
complex probably represents a more suitable candidate 
for measurements of quantum effects in high symmetry 
5 = 10 SMMs. 

In Fig. 2 (bottom panel) we present the tempera- 
ture dependence of the EPR spectra of Mni2-BrAc at 
51.5 GHz for a field applied exactly perpendicular to 
the easy axis of the molecule (B ± z). As the tem- 
perature is increased from 10 K up to 40 K, an extra 
resonance is found at 7.42 T. Since this peak is located 
between alO and a8 resonances we have labeled this res- 
onance a9. We have also observed similar extra peaks 
at 65.4 and 76.9 GHz, which are located respectively at 
7.77 and 8.22 T between the corresponding a8 and alO 
resonances (although, according to the calculations de- 
picted in Fig. 1(b), alO for the frequency of 76.9 GHz 
is located above 9 T, we have clearly observed part of 
a shoulder of alO in the spectra at this frequency), as 
shown in Fig. 2 (top panel). We have depicted the po- 
sitions of all three a9 resonances in Fig. 1(b) with solid 
circles. It is tempting to attribute these a-resonances to 
the onset of the p9 transitions, which could occur if a 
small minority of molecules have their easy axes tilted 
with respect to the majority of molecules, whose easy 
axes are exactly perpendicular to applied magnetic field, 
as has recently been found for Mni2-Ac 9j. However, a 
careful angle-dependent study of the EPR spectra shows 
that the positions of a9 and P9 exhibit completely dif- 
ferent angle dependences, as shown in the inset of Fig. 2. 
The temperature dependence of the intensities of the a9 
and p9 peaks reveals even more discrepancies. We have 
calculated the areas under the a9 and P9 peaks and plot- 
ted them as a function of temperature, as represented in 
Fig. 3 by solid and open circles, respectively. Again, the 
nature of the a9 resonances is different from the P9 reso- 
nances and, thus, the a9-resonances cannot be explained 
within the framework of the 5* = 10 picture. 

Further examination of Figs. 2 and 3 reveals that the 
a9-resonances diminish in intensity as T ^ 15 K, be- 
coming invisible already at 10 K. This fact proves be- 
yond any doubt that the a9 resonance originates from 
an excited state of the Mni2-BrAc molecule. We there- 
fore conclude that, at low frequencies, the a9-resonance 
corresponds to a transition within an excited state of 
Mn i2-B rAc. Within the 8 spin model described above 
[13, [13, llJ, 5 could imagine a low energy excita- 
tion involving the flipping of a spin— ^ dimer, leading to 
a reversal of its moment, and to an overall S = 9 state for 
the molecule. For comparison. Fig. 1(b) includes dotted 
curves corresponding to an 6* = 9 state, which were gen- 
erated using precisely the same simulation as performed 
for the S = 10 fit. For an odd total spin state, the low 
field limiting behavior of odd-to-even m and even-to-odd 
m transitions is the reverse of that for an even total spin 
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state. Consequently, one does expect the frequency of the 
= — 9 to — 8 transition to go to zero in the low field 
limit within the S = 9 manifold. The low frequency a9- 
resonance data lie perfectly on the S = 9 curves. The fit 
to the data for 5 = 9 yields the Hamiltonian parameter 
D = -0.430 cm-i (-0.62 K), which is thus 5% smaller 
than for S = 10. Therefore, the anisotropy barrier for 
S' = 9 state is \D\S'^ ^ 50 K, which is 23% smaller 
than that for S = 10 (65 K). Having established that 
the low-frequency a9-transition corresponds to an = 9 
state, we can estimate its approximate location relative 
to S = 10. Using the CF parameters for both 5 = 10 
and S = 9 states we were able to calculate energy levels 
Eio{ms) and Eg{ms) for the two ground states, and both 
partition functions Zio(ms) = ^^^_-^q e^^^Q*^^^^/^ and 
Zgirris) = EL-9 e(-^9(ms)+A)/T ^ ^ g-^^^ tempera- 
ture T, where A is the energy difference between the bot- 
toms of the 5 = 10 and 5* = 9 manifolds. The area under 
the a9 peak, at a given temperature, is proportional to 
the difference of populations of the corresponding levels: 

Thus by varying the only parameter A, we have found 
that the 5* = 9 manifold is located at A = 40 ± 2 K above 
the bottom of the 5* = 10 state (see inset of Fig. 3). 
This implies that the supposed S = 9 state lies very 
close to the Ms = ±6 excited state within the 5 = 10 
multiplet. We have also performed similar calculations of 
the temperature dependence of the a9-peak area for the 
values of A = 36 K and A = 44 K, and both dependencies 
were drastically inconsistent with our experimental data, 
as depicted in Fig. 3. The obtained location of the S = 9 
excited state at A = 40 ± 2 K is in perfect agreement 
with recent calculations j2^ . 

In summary, detailed frequency and temperature de- 
pendent EPR studies of Mni2-Ac reveal the existence of 
an 5* = 9 state located only 40 ± 2 K above the S = 10, 
= ±10 ground state. This result is in perfect agree- 
ment with theoretical predictions 0, • The effects of 
the co-existence of an excited S = 9 state and the ground 
5* = 10 state in the Mni2 molecule are not known, and we 
hope these investigations will stimulate further theoret- 
ical studies. Our studies also indicate that Mni2-BrAc 
is an intrinsically cleaner system than Mni2-Ac, which 
we believe to be connected with the fact that the for- 
mer possesses a full compliment of four solvent molecules 
per formula unit. Thus, future investigations of the title 
compound may provide further insights into the quantum 
magnetization dynamics of giant spin {S = 10) SMMs. 
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Figure captions 

FIG. 1. (a) Angle dependence of the EPR spectra of 
Mni2-BrAc in the range of ±3.6° either side of the hard 
plane, with an angular step of 0.36°. (b) The SIM 
simulations of the EPR spectra for the field tilted up to 
±3.6° away from the hard plane, (c) Fits to Eq. 1 for the 
frequency dependence of the hard plane spectra for the 
5* = 10 state (solid curves, open circles) and for the S = 9 
state (dotted curves, solid circles); the CF parameters for 
this simulation are given in the text. Open and closed 
circles are experimental data at frequencies of 51.5, 65.4, 
and 76.9 GHz. 

FIG. 2. (Top panel) Typical single-crystal EPR spec- 
tra of Mni2-BrAc at 65.4 and 76.9 GHz (B ± z); the a9 
resonance is evidenced at high fields for both frequen- 
cies. (Bottom panel) Temperature dependence of the 
EPR spectra of Mni2-BrAc at 51.5 GHz (B ± z). In- 
set: angle dependence of several of the most important 
resonances. 

FIG. 3. Temperature dependence of the area of the 
a9 (solid circles) and P9 (open circles) resonances. The 
solid line through the open circles is a guide to eye. The 
curves through the solid circles represent the calculated 
a9-resonance areas assuming A = 36 K (dashed), A = 
40 K (solid), and A = 44 K (dotted). Inset: schematic 
for the energy levels of both the 5 = 10 and S = 9 states 
in zero magnetic field. 5* = 9 is located at an energy 
A = 40 ± 2 K above the bottom of the 6' = 10 state. 
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